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GENERALCORRELATIONOFTRWlzRAm PRol?lms

AIRJETDIRECTEDATVARIOUSAN(XJ3S

ByRobertS.Ruggeri

DOWNSTlWA14OFA HEATED

TOAJRSTREAM

An experimentalinvestigationwasconductedtodeterminethetem-
peratureprofilesdownstreamofheatedairsetsdirectedatanglesof
90°,60°,45°,and30°to anairstream.Theprofilesweredetermined
attwopositionsdownstreamofthejetasa functionofjetdiameter,
jetdensity,jetvelocity,tiee-streamdensity,free-streamvelocity,
jettotaltemperature,orificeflowcoefficient,andjetangle.A
methodispresentedwhichyieldsa goodapproximationofthetempera-
tureprofileintermsoftheflowandgeometricconditions.

INTRODUCTION

Thedischargingofheatedhigh-velocityjetsofairorvaporinto
anairstreamisemployedinmanyinstallationseitherasa meansof
heatingtheairstreamorasa methcdof disposingofhotdischarge
gases.Forpracticalapplication,however,thedischargingofheated
jetsintoanah streamrequiresknowledgeofthetemperatureprofiles
downstreamoftheheatedjetandofthedepthofpenetrationofthejet
intotheairstream.

Heatingan airstreambymeansofheatedairjetsdirectedperpen-
dicularlyto theairstreamhasbeenpreviouslyreportedinrefer-
ences1 and.2.A methodispresentedinreference1 bywhichthetem-
peratureprofileandthedepthofpenelmationofa circularheatedair
jetdirectedperpendicul&lytotheah streammaybepredictedatany
pointdownstreamofthejet.

Becausemany@stallationsemployjetswhichae directedat an
angleotherthan9@ to theairstrem,”astudyofthetemperaturepro-
filesdownstreamofcircularheatedairjetsdirectedatvariousangles
totheairstreamwasconductedinthe2-by 20-inchtunnelattheIWCA
Lewislaboratory.Sixteenheatedairjetswereinvestigatedfora range

.
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offree-streamvelocities,jettotaltemperatures,jettotalpressures,
andjetangles.The16 jetsinvestigatedcompriseda groupofbasic
jetswithfourdiametersandeachdiameterwasinvestigatedforfour
jetangles.

APPARATUSANDPROCEDURE

A sketchshowipgtheexperimentalarrangementusedh theinvesti-
gationto determinethetemperatureprofiledownstreamofa heated* ‘
jetissuingatvariousanglesto anairstreamisshowninfigurel(a).
Heatedah fa thejetswasobtainedby passtighigh-pressureair
throughelectricheatersandintoa plenq chauikr,theupperportion
ofwhichcontabedtheorificeblocks.Therateofjet-airflowwas
measuredby meansofcalibratedorificeslocatedupstreamoftheelec-
tricheaters.Eachofthe16 jetmificeswasinvestigatedfora range
ofjetpressureratios(ratioofjettotalpressuremeasuredat exitto
outletstaticpressme)&an 1.2to 3.5. Thejettotalpressurewas
measuredby meansofa pressuretaplocated@ thewalloftheplenum
chamberandwascorrectedfortotalpressurelossthroughtheflow
passages.(Benchtestswereconductedto determinethepressureloss
throughthepassagesunderchoked-flowconditioninsti~ air.) The
jettotaltemperaturesandtiee-slreamvelocitiestivestigatedwere
nearlyconstantvaluesof 660°and860°F, and235and400feetper
second,respectively.Thetemperatureprofilesweremeasuredby means
ofa movablethermocouplerakewhichconsistedof33 thermocouple
probesspaced0.250inchapart.Thethermocouplerakewasinsertedat
positions6.47and18.0inchesdownstreamofthedischarge-orifice
center.

Theorificesusedintheinvestigationconsistedof smoothcticular
holesmachinedincastInconelorificeblocksas showninfigurel(b).
Theorificeholeswere0.250,0.375,0.500,and0.625inchindiameter
andeachorificewasinvestigatedat jetangles~ of90°,60°,45°,
and30°totheairstream.Althoughtheholesarecircularincross
section,theplanformoftheorifices(jetexit)isellipticalina
planeparalleltothemainstreamexceptforthecases.wherethejet
angle ~ is90°. Theorificeblocksweresomachinedthatthecenter
lineofthe16 orificesinvestigatedpassedthroughthesamepointat
thesurfaceofthemodel.Thelengthofthepassagethroughthevsrious
orificeblocksvariedinlengthfrom2.0inchesforjetsissuingat 90°
tothea-hstreamto 4.0inchesforthejetsdischargingat 30°tothe
maintunnelflow. Theterm“orificediameter”or “jetdi~ter” is
usedthroughoutthisreportwhenreferringtothediameterofthedis-
chsrgeopentigmeasuredperpendicularto thejetaxis(fig.l(b)).
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Thetunnelboundarylayerwasranovedby suctionupstresmofthe
orificestominhizetunnelwallboundary-layereffects(seefig.1).

SYMBOLS

ThefolIla@ngsyoibolsareusedinthisreport:

a,b,g,
h,i,k

d,e,f

c

Dj

ML

%

s

Tj

To

AT

ATm

AT~

Vj

Vo

w

exponentsforcorrelatingdepthofjetpenetrationintoair
streamXl

exponentsforcorrelatingX2 (seefig.2)

dischsrge-orificefluwcoefficient,dimensionless

diameterofdischargeorifice,in.

slopeoflowerportionoftemperatureprofilecurve,in./OF

slopeofupperportionoftemperatureprofilecurve,in./%

mixingdistanceordistancemeasureddownstreamofcenter
ofdischargeorificetoplaneoftemperaturesurvey,in.

totaltemperatureofjet,%

totaltemperatureoffreestream,OR

total-temperatureriseabovefree-streamtotaltemperature
measuredat anydistanceX normaltomodelsurfacefor
giventemperatureprofile,OF

msxhumtotal-temperatureriseabovefree-streamtotaltemper-
ature,‘F

temperatureminimummeasuredonlowerportionoftemperature
profile,‘F (seefig.2(d))

velocityofjetat exit,ftjsec .

velocityoffreestream,ft~sec

widthofjetboundaryatanydistances downstreamof center
ofdischargeorifice,in.
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distance

depthof

normaltomodel

jetpenetration
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surface,in.

intoairstreamas determinedby b’
intersectionoflineof slope~ withvalueof
A!r=o, in.

valueof X as determinedby intersectionoflineof
slope~ tith

anglewithtunnel
airstream,deg

arctanof ~

arctanof %

‘Ue ‘f m ‘NM~ ‘i.

airflowatwhichjetdischargesinto

viscosityofjetat exit,slugs/ft-sec

viscosityoffreestream,slugs/ft-sec

massdensityofjetat exit,slugs/cuft

massdensityoffreestream,slugs/cuft

correlationparameters

ANALYSIS

purposeoftheanalysispresentedhereinisto
thetemperatureprofiledownstreamofa heated

atvariousanglesto anairstreammaybe predicted,if
geometricconditionsareknown.

Theresultsofan earli=investigation(reference

obtaina method
airjetdirected
theflowand

1) indicatethat
theapproximatetemperatureprofiled&stre~ ofa heatedairjet
dtiectedperpendicularlyto smah streammaybe calculatedby useof
dhnensionlessparameters.Thepresentinvestigationwasundertakento
extendtheresultsofthisearlierexperimentto includejetsdischarg-
ingatvariousanglestotheairstream.Inreference1,thepenetra-
tioncoefficientsX1~Dj and X2~D , theupperandlowerslope

J
coefficients~(Tj-!!?o)/Djand ~(Tj-To)/Dj~andthemaximumtempera-

turerisecoefficient

densityratio pj/po,

~_/~j (Tj-To) werecorrelatedintermsofthe

velocityratio V /v ,mixingdistanceto diameterjo L
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ratio s~j) andwidthcoefficientW/Dj. Theparametersme inmost
casesself-explanatory;however,thewidthcoefficientWb j maybe
usedintwosignificsmtlydifferentwaysdependingonwhetherornot
thejetunderconsiderationisdischargingasa free(unrestricted)or
asa confined(restricted)jet. Thesynibolw inthewidthcoefficient
isdefinedasthewidth,oramountofexpansion,ofthejetmeasuredat
anydistances downstreamofthedischsrgeorifice;hence,forthe
caseofa freejet,thevalueofthewidthcoefficientincreasescofi-
tenuouslywithincreasingvaluesofmixingdistance.Ifthejetis
confined(asinreferences1 and2 andherein),thewiclthcoefficient
increaseswithincreasingmixingdistance,untilat somedistances
downstreamofthedischargeorifice,thejetbasexpandedsufficiently
to contactthetunnelwalls(seefig.l(c)).At thispoint,thewidth
coefficienthasattaineditsmaximumvaluefora givendischarge-orifice
diameterandremainsconstsntforfurtherincreasesinmixingdistance.
A furtherdiscussionontheproperuseofthewidthcoefficientispre-
sentedinthesectionEXTRAPOLATIONOFKESULTSTOWIDERRANGIIOF
vAKUi8LEs. Theresultspresentedinreference1 indicatethattheuse
oftheeffectivedischarge-orificediametafiDj ~d theratio
SW Dj,h placeoftheactualdischarge-orificediameterDj andthe
ratio s/D, generalizedthedataandresultedinbettercorrelation.

$Thissubsttutionalsoyieldedabettercorrelationofthedataobtained
forthisinvestigationandwasusedwhereverthemethodofanalysisper-
mitted.In orderto differentiatebetweentheratioss/J7ZDjmd
s/Dj,theterm s/Dj isdeftiedastheratioofmixingdistanceto
diameterratioand s~~j isdefinedastheratioofmixingdistance
to effectivedismeter.

Inan over-allstudyoftheprofiledataforjetsdischargingat
anangleof90°totheairstream,certainconsistentcharact=istics
oftheprofileswereobservedwhichsuggested-asimplifiedmeansfor
correlatingthedata.Thesecharacteristicswerenotedina studyof
theprofilesat jetpressureratiosgreaterthanchokingfora particu-
larorificediameter,mixingdistance,free-streamvelocity,andjet
totaltemperature.A typicalexampleofthetypeoftemperatureprofile
measureddownstreamofa jetdischargingatrightanglesto theair
streamisshownb figure2(a). Itwasnotedinthestudythatfora
givendischarge-orificediameter,jettotaltemperature,free-stream
velocity,andmixingdistance,theupperandlowerslopes,~ and
~, approximatedlinearsegmentswhichremainedparallelforjetpres-
sureratiosgreaterthanthechokingvalueof1.87.Also,itwas
foundthatthemaximumtemperaturerise ATm decreasedslightlywith
decreasingjetpressureratio.A studyofthetemperatureprofiles
forotherorificediameters,mixingdistances,andfree-streamvel-
ocitiesshowedthesamecharacteristicsforpressureratiosgreater
thanchoking.Thetemperatureprofilesmeasureddownstreamofa jet
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disc~gingatan angleof90°to
imatedby threestraightlinesas
tancenormalto themodelsurface
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theairstieamwerethereforeapprox-
showninfigure2(a)wherethedis-
X isplottedagainstthetotal-

teqperatureriseabovefree-streamtotaltemperatureAT. Becausethe
upperandlowerslopesoftheprofilesareindependentofpressureratio
forvaluesgreaterthanchoking,theanalysiswaslimitedto jetpres-
sureratiosgreaterthan1.87.

Ina studyofthedataforjetsissuingatanglesof 60°,45°,and
30°totheairstieazu,itwasfoundthatinmostinstances,thegeneral
shapebfthetemperatureprofilesdifferedgreatlyfiamthatobtained
fora jetdischargingatanangleof 90°(fig.2(a)).However~ the
studyalsoshowedthatthesevarioustypesatprofilehadcertaincon-
sistentcharacteristicssimilarto thosenotedfora jetdischargtigati
90°totheajrstream.Itwasfoundthatfourbasictypesoftempera-
tureprofile,measureddownstreamofthejets,couldbeusedtorepre-
senttheprofiledatafor823.jetdiametersandjetanglestivestigated
(fig.2). Alsoshowninfigure2 isthemanner4 whichtheseprofiles
areappraimatedby straightlines.

ThedepthofpenetrationXl and X2~ theupperandlowerslopes
tiand~, andthemsxbmmtemperaturerise ATm areidenticalto
thosedefinedinreference1. Theterm ~ (typeIV)isdefinedas
thetemperatureriseabovefree-streamtemperaturemeasuredatthe
temperatureminhumpointonthelowerportionofthetemperaturepro-
file.Jetvelocitiesanddensitieswerecalculatedfkomtotal-pressure
and-temperaturemeasurements‘bythemethodpresentedinreference3.

Thetypeoftemperatureprofileobtaineddownstreamofa particu-
larjetisa functionoftheorificedismeter,thevelocityratio,the
tiing distanceto diameterratio,andthejetangle p. Itwasfound
incertaininstancesthata jetofgivendiameter,.issutigat a given
angletotheairstream,yieldedasmanyasthreetypesofprofilefor
thevaluesoftheveloci~ratioandthemixingdistanceto diameter
ratioinvestigated.Thetransitionofthetemperatureprofilesfrom
onetypetoanotherwasnotexactlydeftiedby thedatasinceonlytwo
valuesofmixhg distanceandtwotunnel-airvelocitieswereincluded
intheinvestigation.As a result,itwasnecessaryto tabulatethe
conditionsatwhichthevariousties ofprofilewereobtained.The
rangesofvelocityratioand~g distanceto diameterratioatwhich
thesevarioustypesoftemperatureprofileoccurarepresentedin
tableI $orvariousvaluesoforificediameterandjetangle.Itcan “
be notedfkomtableI thatonlyjetswhichissueatrightanglesto the
ah streamyield-thesametypeprofile(typeI)forallconditions
investigated.Also,themajorityofthedataobtainedyieldeda typeI
ortypeIItemperatureprofile.TypelZIandtypeIVprofiles.occurred
onlyatthelowestvalueofmixingdistanceinvestigated(s= 6.47in.).

.

(
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TheimportanceoftableI willbecomeevidentin thediscussions
thatfollow.

RESULTSANDDISCUSSION

FlowCoefficient

Thedischarge-orificeflowcoefficientC isdefinedas theratio
oftheactualmeasuredmassflowtothetheoreticalmassflow. The
actualmassflowthroughthevarious‘disc~georificeswasmeasuredby
meansofcalibratedmeasuringorificeslocatedupstiesmoftheelectric
heaters.Thetheoreticalmassflowwascalculatedfromthecompressible
flowrelationsbasedonconditionsatthejetexit. (Benchtestswere
madetb determinethephessure10SSthroughthejetflowpassagesunder
chokedflowconditions.)Thetotal-tmqeraturelossthroughthejet
flowpassageswasfoundto havea negligibleeffectontheflowcoeffi-
cient(lessthan0.5percent).As expected,themeasuredflowcoeffi-
cientforaLLthejetsinvestigatedwasfoundtobe independentofjet
pressureratioatvaluesgreat=thanchoking.Theflowcoefficient
rangedfrom0.88to 0.92foralljetsinvestigatedandth”earithmetic
averagewas0.90.Becausethemeasuredflowcoefficientsobtainedfor
theorificesusedinthisinvestigationmaynotbe applicableforother
installations,no datafortheflowcoefficientssrepresentedinthis
report.

.

CorrelationofPenetrationCoefficientX~Dj

Theover-soldpsrameterobtainedforcorrelationofthepenetration
coefficientX1/fiDj fora jetissuingatrightanglesto theah
stream(f3= 90°) wasfoundtobe Q1(pj/po)a(Vj/Vo)b(s/.D~)0”26.

ThevariationofthepenetrationcoefficientX1~Dj tiththis

over-allparameterisshowninfigure3 foralldischarge-orifice
diameters,mixingdistances,free-streamvelocities,andjettotal
temperaturesinvestigated.Althoughthiscorrelationcurveappliesfor
thetwojettotaltemperaturesinvestigated,onlythedataobtainedfor
a jettotaltemperatureof 860°R arepresented.Thedataobtainedfw
a jettotaltemperatureof660°R yieldedan identicalcorrelation
curve.Thelinesrvariationofthepenetrationcoefficientwithits
over-allparameterisdictatedby themethodofcorrelationused. The
methodemployedinthisi&estigationisidenticaltothatpresentedin
reference1, andhence,no detailsofcorrelationarepresentedherein.
Thedensity-ratioexponenta andthevelocity-ratioexponentb were
foundto decre~ewithdecreasingdischarge-orificediameter,indicating

—— —---- —— .— .—.. —
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an effectofwidthcoefficientw/D3. Thevariationoftheseexponents
withwidthcoefficientisshowninfigure4(a).Thevaluesshownare
identicaltothoseobtainedinthecorrelationwhena thin-plateorifice &

wasused(reference1).

ThecorrelationparameterCpl wasfoundto increasewithincreas-
ing~dth coefficientw/Dj andtobecomeasymptotictoa finitevalue
athighvaluesoftidthcoefficient(fig.4(b)).A studyofthefigure
showsthatfora constantvalueofwidthcoefficient,thetermcpl
decreas”.sslightlywithdecreasingjettotaltemperature.Thevalues
of CP1presentedinfigure4(b)sreslightlylowerthanthecorres-
~ondingvaluesobtainedwitha thin-plateorifice(reference1). The
variationof P1 withjettotaltemperatureactuallyindicatesan

effectofviscos%tyratio l.Lj/pO.However,fortherangesofjetand
free-streamtemperatureinvestigated,theviscosityofairispropor-
tionaltoa poweroftheabsolutetemperature,andhence,thetiscosity
ratio ~j/~ maybe presentedintermsoftheabsolutetemperature

ratiO Tj/To. Theexponentoftheratioofthemixingdistanceto
effectivediameterSW Dj wasfoundtorewin constantfcmalldiam-
etersinvestigatedat $ = 90”. Forcomparison,calculationsweremade
usingtheresultsofreference1 andthefairedcurvespresented
herein,anditwasfoundthatjetsdischargingfrombothshortcircular
passagesandcircularthin-plateorificesyieldverynearlyequal
depthsofpenetrationXl.

Theover-allparameterobtainedforcorrelationofthepenetration
coefficientX1~Dj fora jetissuingat 60°totheairstreamwas

foundtobe cf2(pj/po)o”4g(Vj/Vo)o”49(s/!Dj)o”25.Theline= varia-

tionofthepenetrationcoefficientwiththisparamet=is shownin
figure5 forallvaluesoforificediameter,mixingdistances,free-
streamvelocities,andtemperatureratiosinvestigated.Thedensity-
ratioexponent,thevelocity-ratioexponent,andtheratioofmixing
distanceto effectivediametaexponentwerefoundtoremainconstant
forallorificediametersorwidthcoefficientsinvestigated.The
variationofthecorrelationparametercp2withwidthcoefficient

Wbj isshowninfigure6 forconstantvaluesoftemperatureratio.

Theparsmeterobtainedforcwrelationofthepenetrationcoeffi-
cientX1~Dj fora jetissuingatanan~3~f 45°to theairstream
wasfoundtobe CP3(pj/po)g(Vd/Vo)h(s~Dj)“ . Thepenetration

.

coefficientisshownplottedasa functionofthisparameterinfigure7
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%
forallconditionsinvestigated.As wasobservedforthecaseofa jet
issuingatrightanglesto theah stream,thedensity-ratioexponent,. thevelocity-ratioexponent,andthecorrelationparameter~3 were
allfoundtobe functionsofthewidthcoefficient.Thevariationof
thedensity-andvelocity-ratioexponentsg and h withthewidth
coefficientisshowninfigure8(a).Thevarationofthecorrelation
parameter93 tithwidthcoefficientisshowlplottedinfigure8(b)
forconstantvaluesoftemperatureratio.

Theover-allpsrameterobtainedforcorrelationofthepenetration
coefficientXl~Dj fora jetissuingatanangl~~~30°totheair
streamwasfoundtobe q4(pj/po)i(Vj/Vo)k(s~Dj)“ . Thevariation
ofthepenetrationcoefficientwiththisparsmeterisshowninfigure9.
Thedensity-ratioexponent,thevelocity-ratioexponent,andthecorre-
lationparameterQ4 wereagainfoundtobe a functionofthewidth
coefficient.Thevariationofthedensity-ratioexponenti andthe
velociti-ratio~onent k withwidthcoefficientis showndotted

*

.

in figu;e
parameter

10(a).‘Figure10(b)showsthevariationoftheco~elation
‘?4 withwidthcoefficient.

CorrelationofPenetrationCoefficientX2~Dj

A correlationofthepenetrationcoefficientX2~Dj fora jet
angleof90°yieldedthefollowingcorrelationparsmeter:

()
-f

T5(Pj/Po)d(vj/vo)eT*

Thevsriationofthepenetrationcoefficientwiththiscorrelation
parameterisplottedinfigureIl.

Thevelocity-ratioexponente,theratioofthemixtigdistance
to effective.diameterexponentf,andthecorrelationperameter95
wereallfoundtobe functionsofthewidthcoefficient,whereasthe
density-ratioexponentd wasfoundtobe a functionofthenrlxing
distanceto diameterratio s/Dtl.Thecurvesshowingthevariationof
theexponentsd, e,f,and ~5- withthetirespectiveparametersare
showninfigures12and13. Thevaluesobtainedforexponentsd, e,
and f werefoundtobe identicaltothosereportedinreference1.
As canbenotedinfigure13(b),thevaluesof ~5 variedslightly
fromthecorrespondingvaluespresentedinreference1.

.——— ..— — . —
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Theover-allparameterobtainedforcorrelationofthepenetration
coefficientXfl Dj fora jetissuingat.anangleof60°wasfoundto
be

(Pj/Po)‘“53(VJVO)
0“60(~/@Dj)0”75

Thepenetrationcoefficientis shownplottedasa functionofthe
correlationparameterinfigure14forconstantvaluesoftemperature
ratio.Intheo-is oft~penentration(X2) dataLforjetsdis-
chargingat 60 , 45 , and30 totheairstiesm,itwasfoundthatthe
correlationpsrameter~ wasindependentofthewidthcoefficientfor
a givenjettotaltemperature.Becausethejetswereinvestigatedfor
onlytwovaluesofjettotsltemperature,theterm V hasonlytwo
valuesfora givenjetangle ~ andthereforewasnotincludedinthe
correlation.Theexclusionoftheterm ~ fromthepsrsmet=results
intheseparatedcurvespresentedinfigure14. h addition,no data
areshownplottedinfigure14forthe0.625-inch-diameterorifice.
Thisresultsfromthefactthatforallconditionsinvestigated,the
0.625-tich-diameterjetyieldedonlytgpeIIandtypeIIIprofilesfor
whichno valuefor X2 exists(seetableI).

Theparametersobtainedforthefinalcorrelationofthepenetra-
tioncoefficientX2/@ Dj forjetsissuingat45°and30°totheair
streamwerefoundtobe

(Pj/Po)0“62(vj/vo)0“71(s/fiDj)0”60

and

(Pj/PJ(vj/vo)0“71{s/.Dj)0*60

respectively.Thevariationofthepenetrationcoefficientswiththese
parametersispresentedinfigures15and16forconstantvaluesof
temperatureratio.MuchofthescatterinfiguresIll,14,15,and16
resultsfromthedifficultyindeterminhgX2 fromthetemperature
profiles.Inmostinstances,thevaluesof X2 aresosmallthata
smalJdifferenceinreadbgthetemperatureandfairingtheprofiles
resultedinerrorsofasmuchas 20percentin X2. JQ.thowhtiese
errorsareratherlsrgepercentagewise,theactualamor intheover-
allprofileshouldnotprecludeitspracticalusefulness.

,,

n
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CorrelationofSlopeCoefficients “

. Ihpreviousdiscussionoftheprofilecharacteristics,itwasnoted
thattheupperandlowerslopesoftheprofileswereindependentofjeti
pressureratioforpressureratios~eaterthan1.87. Theslopesare
thereforeindependentofdensityratioanditseffectneednotbe con-
sideredinthisanalysis.Inaddition,becausethejetssxechoked,
thejetvelocityisconstantfora particularvalueof jettotsltem-
perature,andhencethevelocityratioisconstantfora particulm
valueoffree-stresmvelocity.Forallthedataobtainedovera range
ofjetpressureratiosfora givenvalueofmixingdistsmce,jetdiam-
eter,jetangle,jet.totaJtemperature,andfree-streamvelocity,the
slopemaythereforebe represented”by a singlevalue.Rroceedingwith
theanalysisfromthispointyieldedtheparametersforcorrelationof
theupperandlowerslopecoefficients.Theupperandlowerslope
coefficientsaredefinedas ~(T~-TO)hj and ~(Tj-TO)@j>
respectively.

Upperslopecoefficient.- Theparameterobtainedforcorrelation
., oftheupperslopecoefficientfora jetangleof90°wasfoundtobe

,

(vj/vo)
0=65(S/Dj)Oogl(w/Dj)

u
whichresultedina linearvariationas showninfigure17. Thispar-
ameteris identical.to thatreportedinreference1 withtheexception

+ thatthemixtigdistanceto diameterratioexponentwasfoundtobe
slightlylower(0.91)thanthatpreviouslyobtained(1.0)fora jet
issuingfroma thin-plateorifice.

Forthecaseofa jetissuingat an angleof60°totheairstream,
theparameterobtainedforcorrelationwasfoundtobe

(V./Vo)0”57(S/Dj)1”06(W/Dj)0”63.Theupperslopecoefficient

~t Tj-To)/Djis shownplottedasa functionofthisparameter

infigure18.

Thefinalparameterobtainedforcorrelationoftheupperslope
coefficientfora jetissuingatanangleof45°totheairstreamwas

foundtobe (vj/vo)0“51(s/Dj)
1.18(w~j)0.43,as showninfigure19.

Theparameterobtainedforcorrelationoftheupperslopecoeffi-
cientfora jetissuingat an angleof30°to theairstreamwasfound

tobe (V~/Vo)O”U(s/Dj)1”39(V/Dj)0”24,asshowninfigure20.
/

— -. —.————.. .—————-
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A comparisonoffigures17through20shdwsthatthevelocity-
ratioexponentandthewidth-coefficientexponentincreasewithincreas-
ingjetangle.Thendxinqdistanceto diameterratioexponentdecreases
withincreasingjetsngle.

Lowerslopecoefficient.- Thecorrelationofthelowerslope
coefficient~(Tj-To)/Djforjetsissuingat anangleof90°tothe
ah streamyieldeda psx~eteridenticaltothat
ence1. Figure21showsthelinearvariationof—

cientwiththeparameter(%q
1.25(Vj/Vo)0.53

jettotaltemperature. - ‘ -

reportedinrefer-
thelowerslopecoeffi-
forvariousvaluesof

Jetsissuingat anangleof60°totheairstmamyieldtypeII,
III,andIVtemperatureprofiles.Ofthesetypes,onlythetypeIV
profileyieldsa measurablelowerslope.Thelowerslopesofthe
ty-peIIprofileappesrasverticalstraightlines(infiniteslope),and
fromthemethodofapproxhationemployed,thenegativevaluesofthe
lowerslopeforthetypeIIIprofilewereneglected.Therefore,for
jetsissuingatanangleof60°,onlythelowerslopesofthetypeIV
profilewereconsidered.Thefinalcorrelationofthelowerslope
coefficientfor ~ = 60° is shownplottedinfigure22asa function
ofmixingdistanceto dianeterratioforvariousvaluesofvelocity
ratio.Theareabetweenthedashedlinesindicatestherangeofmix-
ingdistancetodiwneterratiooverwhicha valueoflowerslopewas
obtained.

Inanalyzingthedataforjel%issuingat anangleof45°tothe
airstream,thelowerslopecoefficientwasagatifoundtobe a func-
tionofthemixingdistanceto diameterratio.Thevariationofthe
lowerslopecoefficientwiththemixingdistancetodiameterratiois
shownplottedinfigure23forvariousvaluesoftidthcoefficient.
Thesolidcurveindicatesthatonlythe0.250-inch-diameterjetyielded
temperatureprofileswitha measurablelowerslopeforbothvaluesof
mixingdistanceinvesti&uted.Thedashedlinesindicatethatthejets
withdiametersof0.625,0.500,and0.375inch@eldedprofileswith
measurablelowerslopesonlyforthelowervaluesofmixingdistance
todiameterratioinvestigated(correspondingto s = 6.47inches).
Forthehighervaluesofmixingdistancetodiameterratio(ccmres-
pondingto s = 18.0inches),thesejetsyieldedtypeIItemperature
profileswhichhavean infinitelowerslope.Thedashedlinesthere-
foreextendto infinityatthevaluesof s/b

4
presentedinthefig-

ure,andslthoughtheselinesareprobablyno highlyaccurate,they
do showthegeneraltrendofthedata. Itwasnotpossibletodeter-
minethevalueofmixingdistanceto diameterratioatwhichthepro-
fileschangedfromonetypeto another.

*

0

c-

,,#

w<

—



NACATN 2855 13

,’.-.

b

An analysisofthelowerslopecoefficientsforjetsissuingatan
angleof30°resultedina correlationverysimilarto thatpreviously
describedfor ~ = 45°. A plotshowingthevariationofthelowerslope
coefficientwithmixingdistanceto diameterratioforvariousvalues
ofwidthcoefficientisshowninfigure24.

CorrelationofMaximumTemperature-RiseCoefficient

Themaximumtemperature-risecoefficientpresentedinreference1
is qw/C(Tj-To)Djandincludestheorifice-fluwcoefficientC. b
reference1 themaximumtemperaturerise ~ wasfoundtodecrease
slightlytithdecreasingjetpressureratio.Theflowcoefficientfor
thin-plateorificesalsodecreasedwithdecreasingpressureratio
(reference3);hence,theratioAT~C wasinvestigatedandfoundto
be independentofpressureratio.Therefore,fora givenvalueof
orificediameter,mixingdistance,free-streamvelocity,andjettotal
temperature,theterm AT~C wasa constantforaIlvaluesof jet
pressureratiosinvestigated@?eaterthanchoking.Furtherinvestiga-
tionshowedthatfora givensetofconditions,them~ temperature
risewasalsoindependentofthevelocityratioV /Vo. An fncrease
infree-streamvelocityanda consequentdecreaseL penetrationvaried
theprofilesuchthatthemaximumtemperaturerise ATm remainedcon-
stant.Becausetheterm AT#C wasfoundtobe independentofboth
thedensity(pressure)andvelocityratios,itwaspossibleto construct
a plotof AT~C agatistthemixingdistanceto diameterratio s/Dj.
Theeffectofjettotaltemperatureonmsximumtemperaturerisewas
thentakenintoaccountby theintroductionofthetemperaturediffer-
ence (Tj-To)intothecoefficient.A plotof AT#C(Tj-To)against
spj yieldedfourcurveswhereeachcurverepresenteda constant
valueofwidthcoefficient.Whenthewidthcoefficientwasincluded
inthecorrelation,a singlecurveandthemaxhumtemperature-rise
coefficient~w/C(Tj-To)Djmentionedpreviouslyand.reportedin
reference1 wasobtained.

Inthisinvestigation,themaximumtemperaturerisewasalsofound
tobe independentofthevelocityratiaandto decreaseslightlywith
decreasingjetpressureratio.However,theflowcoefficientwasfound
tobe nearlyconstantforallconditimsinvestigatedandthuswasnot
includedinthecorrelation.Itwasthereforenecessarytobeginthe
correlationwiththetemperature-risepsrameter~~(Tj-Tc))md to
proceedwiththecorrelationinthesamemannerasthatreportedin
reference1 untila correlationparameterwasobtained.Forjets
issuingat anangleof90°totheairstream,thisresultedina
‘correlation,as showninfigure25,wherethetemperature-risecoeffi-
cientATmW/Dj(Tj-TO)isshownplottedasa function’ofmixing

..

—. —- .—— -. ——. ———— —— ..—— ..— . .
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distancetodismetwratio.Thedatapresentedinreference1 were
recalculatedusingthisnewtemperature-risecoefficient,andforcom-
parison,theftiedcurverepresentingtheseresultswasalsoplotted
infigure25. No additionalscatterwasevidentdueto theslight
changeinthecorrelation.l?romthecomparisonshowninfigure,25,the
maxhumtemperatureriseobtainedusinga 2-inchpassageisverynearly
thesameasthatobtatiedusinga thin-plateorifice.Althoughthe
variationofmaximumtemperaturerisewithjetpressureratiohasnot
beentakenintoaccount,thisvariationissmaU (oftheorderof3°to
5°F) andwitti theover-aJlaccuracyoftheothercoefficientspre-
sentedinthisreport.

An analysisofthedatafora Jetissuingatan angleof60°
resultedinthemax3mmmtemperature-risecoefficient
~(w/D#”48/(T3-To). ThevariationofthiscoefficientwithWing
distancetodiameterratioisshownplottedinfigure26forthevar-
iousortiicediametersinvestigated.

Thefinalmaximumtemperature-risecoefficientforjetsissuing
anangleof45°to theah streamwasfoundtobe ~(w/Dj)1”18/(Tj-TO) .
andis shuwnplottedinfigure27asa functionofthemixingdistance
to diameterratio.A studyoff@ures26and27showsthatthemax-
temperature-risecoefficientremainsconstantforsmallvaluesofm&-
ingdistanceto diameterratio.

P

An analysisofthedatafora jetissuingatanangleof30° .
resultedinthemaximumtempera~e-risecoefficient

q@bj)0”64/@J-%) o Thiscoefficientis shuwnplottedinfigure28
asa functionofthe~g distanceto diameter!ratios/Dj.

Calculationsusingthefairedcurvesfromfigures25to 28 show
thatforvaluesofthemixm distanceto diameterratiogreaterthan
approximately70,themaximumtemperaturerisebeccmesnearlyinde-
pendetiofthejetangle.Forlowervaluesof s/Dj,themaximumtem-
peratureriseincreaseswithdecreasingjetangle.

CorrelationofTemperatweRiseCoefficientAT1/(Tj-Toj

Fromfigure2 itwasnotedthatthetypeIVprofilehasa temper-
atureminimumpointonthelowerportionofthetemperatureprofile.
Thetotal-temp=atureriseabovefree-streamtotaltemperaturemeasured
atthismininmmpetitis ATl,andtheterm ~l/(Tj-To)isdefined
asthetemperature-risecoefficient.In ordertobetterapproximate
themeasuredprofile,a correlationofthetemperature-risecoeffi-
cientwasmadeandthecoefficientwasfoundtobe a functionofthe
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mixingdistanceto
whichyielda type

diameter’ratioforall
IVprofile.lR@ure29

temperature-risecoefficientAT,/(T+-Tn)

15

flowandgeometricconditions
showsthevariationofthe
withthemixingdistance

to~iameterratioforsetangles~of~0°~45°,and30°. Thesecurves
areapplicableonlyfortheconditionslistedintibleI.

ComparisonofCalculatedandExperimental~ofiles

Thecorrelationofthevariouscoefficientswiththeflowand
geometricparameterspresentedintheforegoingdiscussionprovidesa
methodby whichan approximationofthetemperatureprofiledownstream
ofa heated-aixjetdtiectedatan angletotheairstieammaybe
obtained.

Basedontheexperimentalconditions,a numberofprofileswere
calculatedandcomparedwiththeactuslprofiles.Sometypical
examplessreshowninfigure30. A studyofthisfigureshowsthat,
ingeneral,theapproximatesolutionish gooda$p?eementwiththe
experimentaldataandprovidesa reasonablyshplemethodforobtain3ng
thetemperatureprofiledownstreamofa heated-airjetdirectedatan
angleto theairstream.

Althoughtheresultspresentedh thisreportareforpressure
ratiosgreaterthanthechokingvalueof1.87(basedonexitconditions),
theinvestigationincludeddataatpressureratiosbelowchoktig.
Thesedataarenotshowninthecurvesbecauseofthemethodofcorrela-
tionemployed.An analysisofthelimitedamountofdataobtainedat
jetpressureratiosbelowchokinghasshownthatthevarioustypesof
temperatureprofileshavea strongtendencyto changetotypeI pro-
filesforsmallvaluesofpressureratio.E an amlysisofdata
obtainedforjetswhichyieldtypeI profiles,itwasfoundthatby
usingthemethodpresentedherein,reasonablygoodagreementwas
obtainedbetweentheexperimentalandcalculatedprofilesfora range
ofjetpressureratiosfrom1.2to 1.87(atypicalexainpleis shownin
fig.31). ForjetsissuingatangleswhichyieldotherthantypeI
profiles,calculationsshowedthatthepenetrationXl,theupperslope
~, andthemsximumtemperaturerise ~ arein goodagreementwith
themeasuredprofile.Thedatapresentedhereinareforjetpressure
ratiosgreaterthanthechokingvalueof1.87,andsinceno lower
slopeexistsforthetypeIIandtypeIIIprofilesatthesehighpres-
sureratios,thelowerportionofthetypeIXandIIIprofilescannot
be predictedforjetpressureratioslessthanchokingby themethod
presentedherein.

-. -- —— ——— -——— –. —— -z——.—— —.
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Becauseboundary-layerremovalwasempl-eyedthroughouttheinvesti-
gation,theeffectofboundary-layerthiclmessonthetemperaturepro-
filewasnotdetermined.

EXTRAPOIATIOIVOFIUSQLTSTOl%tDIZRRANGIZOFVARIABLES

Theusefulnessofthecorrelationspreviouslygivenisrestricted
pr~ilyby therangeofvariables.Thegreatestrestrictioninthe
methodproposedisthelimitedrangeofwidthcoefficientinvestigated.
Theexpansionofthejetsdownstreamofthejetexitwasconfinedby
thetunnelwalls,andhencethemaximumvalueofwidthcoefficient
obtainedforeachdiameterorificeinvestigatedwaslimitedby thephys-
icaldimensionsofthetunnel.However,ifthewidthofa jet(whether
restrictedorunrestricted)canbe predictedat anypointdownstreamof
thejetexit,itshouldbe possibletoutilizetheresultspresented
hereinovera greaterrangeofvariablesandobtainreasonablygood
results.

No dataszeavailableonthespreading(exp~sion)characteristics
ofjetsdtiectedatanglestotheatistream;however,theresresme
dataonthespreadingcharacteristicsofjetsdirectedpsmllelto an
airstream.Becausea setdirectedatanangletotheatistreamis
turnedveryrapidlybytheairstmeam,theexpansionprobablyclosely
approximatesthatofa jetdirectedparsllelto theairstream.If
thisassumptionismade,thespreadingcharacteristicsofa freejet
directedat an angletotheairstreamcanbe calculatedby themethcd
presentedinreference4. Theresultsofreference4 arebasedonthe
turbulentmixingofan incompressiblefluidandyieldthemomentum
ratherthanthethermaljettidth.Thethermaljetwidthcanbe
obtainedfromturbulent-massandheat-exchangeconsiderations,wherein
theratioofthermalwidthtomomentumwidthhasbeenfoundto equal
ti (reference5). Thethermalexpansionofa freejet,calculatedon
thisbasis,isshowninfigure32. The~et-widthcoefficientw/D is

ishownplottedas a functionofthemixingdistanceto diameterrato for
severalvaluesofthevelocityratio.

Beforecalculatingthevariousparametersneededforobtainingthe
temperatureprofiles,itisnecessaryto firstdeterminetheproperjet-
widthcoefficientatthemixingdistanceinquestion.If,forthe
problembeingconsidered,thejetisdischargingintoanunboundedair
stream,thejetisunrestricted.andthewidthcoefficienthasbutone
possiblevaluefora given s/Dj (fig.32). Ifthejetbeingcon-
sideredisdischargingintoa duct,theproperwidthcoefficientto
useincalculationsisdependentonwhetherornotthejetisrestricted.
Ifthejet=~fidthcoefficientasdeterminedfrcunfigure32 isgreater .
thantheduct-widthcoefficient,thejetisrestrictedinitsexpansion

).

—-
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andtheduct-widthcoefficientisthehportantparameter.Ifthejet-
widthcoefficientislessthantheduct-widthcoefficient,thejetis
relativelyunrestrictedandthejet-tidthcoefficientbecomesthe
hportantparametmandshouldbe usedinthecalculations.

COMPARISONOFcALcuLAmAND~ JETBOUNDARIES

Duringthecourseoftheinvestigation,numerousphotographsof
thejetboundaryweremadeby meansoftheschlierentechniqueandthe
resultswerecomparedwiththecalculatedjetboundaryobtainedby use
ofthecorrelationcurvespresentedherein.Forillustrativepurposes,
thecalculatedboundarieswereobtainedfrombotha constantvalueof
widthcoefficientbasedontunneldimensionsanda variablejet-width
coefficientbasedontheactualwidthofthejetatthepointof
interest(fig.32). Sometypicalexamplesofthecomparisonsobtained
areshowninfigure33 forthefourjetangles’investigated.Thedis-
tancenormaltothemodelsurfaceisshownplottedagainstthemixing
distance.A studyofthisfigureshowsthatuseofthewidthcoeffi-
cientbasedontheactualjetwidthyieldscalculatedprofileswhich
areinreasonablygod agreementwiththemeasuredprofileobtained
fromschlierenphotographs.Theuseofa constantwidthcoefficient,
basedontunneldimensions,yieldscalculatedprofileswhichdeviate
considerablyfromtheactualprofileforsmallvaluesofmixingdis-
tancewherethejetisnotconfinedby thetunnelwalls.‘Thevalueof
mixingdistanceatwhichthetwocalculatedcurvesbecomeonecurveis
thepointbeyondwhichthejetbecomesconfinedby thewalIlsofthe
tunnel.

, A studyoftheschlierenphotographsalsoshowsthatthelowerjet
boundsryleavesthesurfaceofthemckielbeforesufficientexpansion
andmixingofthejetwiththeah streamtakesplaceto enablethejet
to contactthesurface.Thesurfacedistancedownstreamoftheorifice
whichisunheatedby thejetincreaseswithdecreasingjetanglefor
therangeofjetangletivestigated.

CONCLUDINGREMARKS

A methodwhichprotidesa reasonablys@le meansof obtainingthe
approximatetemperatureprofiledownstreamofa heated-airjetdirected
atan angleto theairstreamhasbeenpresentedintermsofdimension-
lessparametersoftheflowandgeometricconditions.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio
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TABLEI - CmoITIoIteATWEtcEVARIOUSm m mMPERA!mEFRoFIIEHmEoBTAImo
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.

Profiletype

I

b
II

m

Iv

b’

Jet Orificedlsm-Free-s-txaemMk@ng dietsnce Mlxlng velocityratio
angle eta Vdlxit-g to diameter alEtanoB- range

Dj ratiorange
(d:g)

Vjfio
(in.) (:7s=) @j (L)

90 0.625,0.500,235and400 10.4-72.0 I6.47and18.0 2.9-3.3;4.9-5.7
0.375,0.250

60 --- --- --- --- ---

45 0.625,0.503, 400 1o.4-25.9 6.47 2.9-3.3
0.575,0.230

451 0.250 1235and+KOI 720. I 18.0 I 4.9-5.7

30 0.625,0.50Q, 400 10.4-2s.9 I 6.47 I 2.93.3
0.375,0.250

30 I 0.250 1235and4001 72.0 I 18.0 I 4.9-5.7

90 I --- I --- 1 --- I --- I ---

60 0.625,0.503,235and400 28.8-72.0 I 18.0 2.9-3.3;4.9-5.7
0.s75,0.250

45 0.625,O.W, 235and4(XJ28.8-48.0 I 18.0 2.9-3.3;4.9-5.7
0.375

30 0.625,O.SW, 235and4QCI28.848.0 I 18.0 2.9-3.3;4.9-5.7
0.375

90 I --- I --- I --- I --- I ---

60 0.625 235end400 1o.4 .6.47”

235 I

2.9-3.3;4.9&.7

0.500 1.2.9 6.47 4.9-5.7

45 1 --- I --- I --- I --- I ---

30 I --- I --- I --- I --- I ---
90 --- --- --- --- ---

60 o.5c0. 4@3 1.2.9 6.47 2.9-3.3

0.375,0.25Q235end403 17.2-25.9 6.47 2.9-3.3;4.9-5.7

45 0.625,0.5C0, 235 10.4-25.9 6.47 4.9-5.7
0.375,0.250

30 0.625,0.500, 235 10,4-25.9 6.47 4.9-5.7
0.375,0.2s0
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